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Background: The interactions among biosurfactant, soil components and PAHs govern the efficiency of
biosurfactant enhanced remediation, which was still poorly studied. In this study, we investigated effects of
biosurfactant and soil properties on sorption and desorption of phenanthrene (PHE) and pyrene (PYR) in soil –
water systems. Two kinds of soil samples (ditch and under plant) from the same petroleum contaminated site in
western Canada were applied.
Results: The results indicate that soil organic matter (SOM) was the predominant factor that affects PAHs sorption
onto soil. The SOM content in ditch soil was half of that in under plant soil, therefore ditch soil showed less
sorption affinity to PAHs than under plant soil. We also examined the combined effects of soil DOM and
biosurfactant on desorption of PAHs. The results indicated that more PAHs were desorbed from ditch soil than the
under plant soil under the combined conditions. The SOM was still the key factor that determined desorption of
PAHs. Besides, competitions among PAHs, DOM and surfactant for sorption sites exist. In high solute concentration
system, the competition for sorption site was more severely than low concentration system and more PAHs were
sequenced in soil phase in high PAH concentration system. Also in low biosurfactant system, less PAHs were
desorbed from soil.
Conclusions: The study results should be helpful in broadening knowledge of biosurfactant enhanced
bioremediation of PAHs.
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Polycyclic aromatic hydrocarbons (PAHs) have drawn
environmental and health concern due to their known
or suspected cancerogenicity and mutagenicity (Wilcke
2000; Shin et al. 2006). PAHs emitted mainly from an-
thropogenic activities and accumulate in environment
owing to their highly hydrophobic properties. In soil/
ground water system, PAHs are largely sorbed into soil
organic materials, which significantly restrict their trans-
formation and bioavailability. The sorption behavior of
PAHs in soil is greatly influenced by a number of soil
characteristics, including soil organic matter (SOM), pH,
clay minerals and soil texture (Cao et al. 2008). SOM* Correspondence: bestyuhui@gmail.com
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in any medium, provided the original work is pis considered as the most important component af-
fecting the behavior of hydrophobic organic contami-
nants (HOCs) in soil and sediment (Wen et al. 2007).
The dissolved fraction of SOM, dissolved organic matter
(DOM), which has the capability of mobilizing PAHs in
soil water system, would also influence the mobility and
bioavailability of HOCs in environment (Akkanen et al.
2005; Pan et al. 2007; Raber et al. 1998).
The use of biosurfactant to enhance the remediation is
a promising approach to remove PAHs from soil system
(Zhu and Aitken 2010). Surfactants are amphiphilic com-
pounds and are known to improve the efficiency of de-
sorption of HOCs through enhancing the solubility of
HOCs in aqueous systems, thus facilitating their mobility
and bioavailability (Yu et al. 2007; Abu-Zreig et al. 2003;
Cheng and Wong 2006). Surfactant could greatly enhance
the solubility of HOCs at concentrations higher than its
critical micellar concentration (CMC). Biosurfactant is
naturally produced surfactant. Compared with traditionalpen Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
Table 1 Properties of studied soil samples
Property Under plant Ditch
pH(CaCl2) 6.96 7.02
Organic matter 8.65 4.3
C:N ratio 12.55 8.98
Cation exchange capacity (cmol/kg) 29.34 38.79
Coarse sand >0.25 mm (%) 14.5 2.4
Fine sand 0.25–0.02 (%) 42.5 35.6
Silt 0.02–0.002 mm (%) 15 25
Clay < 0.002 mm (%) 28 37
Classificationa Sand loam Clay loam
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gradability, biocompatibility, and environmental resilience
(Kuyukina et al. 2005; Cheng et al. 2004; Makkar and
Rockne 2003). However, the efficiency of biosurfactant en-
hanced bioremediation can be also affected by the soil
properties due to its potential to be adsorbed by soils,
which would enhance contaminant retention in soil,
thus their bioavailability (Rodriguez-Escales et al. 2013;
Lee et al. 2005; Lu and Zhu 2012).
Therefore, the fundamental interactions among biosur-
factant, soil components and PAHs jointly govern the ef-
ficiency of biosurfactant enhanced remediation and
should be detailed investigated. Recently there has been
increasing study on the combined effects of surfactant
and SOM on HOCs partition (Cheng and Wong 2006;
Wan et al. 2011; Rodriguez-Escales et al. 2013). How-
ever, these studies put more efforts on additive organic
matter, such as DOM or artificial soil particles. Also, the
combination of soil properties and surfactant on the
partitioning of PAHs has been poorly investigated.
Given the concerns mentioned above, the objective of
this study is to explore the interactive mechanisms of
soil properties and biosurfactant on desorption of two
PAHs: phenanthrene (PHE) and pyrene (PYR) in soil–
water systems. We mainly focus on the soil DOM which
has been proven to be the most important factors af-
fecting the behavior of PAHs. Two types of soil sam-
ples collected from the same western Canadian site were
compared.
Results and discussion
Soil and DOM characterization
It is known that soil properties such as organic matter,
pH, cation exchange capacity (CEC), clay minerals and
soil texture will affect the sorption–desorption of PAHs
(Hwang 2001; Kuyukina et al. 2005; Cao et al. 2008;
Chen et al. 2009a). Among them, soil SOM and clay mi-
nerals are considered as the two most chemically active
components of soils (Hwang and Cutright 2003; Lu and
Zhu 2012).
The characteristics of two kinds of site soils are pre-
sented in Table 1. According to the result of soil clas-
sification, the under plant soil belonged to sand loam
which has a high sand mineral content (60%) and a nor-
mal clay content (28%). The ditch soil is classified as clay
loam, which has relatively higher clay mineral content
(37%). Of the clay minerals, the contents of smectite,
illite and kaolinite in ditch soil were 7.8%, 9.4% and
2.9%, respectively, which were slightly higher than those
in under plant soil.
Smectite, illites and kaolinite are the three common
clay minerals which have the greatest impact on sorp-
tion/desorption because of their high surface area and
CEC as well as their surface reactivities (Sheng et al.2001; Hwang et al. 2003). Smectite is the most expan-
dable clay on wetting with a 2:1 ratio of Si: Al and can
provide an internal surface area as high as 570–660 m2/g
(Brady and Weil 2000). Illite is nonexpandable 2:1 type
minerals dioctahedral, aluminous, and contains nonex-
changeable K as the major interlayer. Kaolinite is a 1:1
layered silicate with alternating silicon oxide tetrahedral
sheets and aluminum hydroxide octahedral sheets, which
could provide large external surface area for HOCs bin-
ding (Hwang and Cutright 2003; Woods 2004). SOM is
often considered as the dominant sorption phase for or-
ganic contaminants in soil-water systems (Sheng et al.
2001). The SOM content in ditch soil is only half of that
in under plant soil. For other soil characteristics given
in Table 1, the pH in ditch soil was slightly higher
than that in under plant soil and the CEC of ditch
soil (38.79 cmol/kg) was also a little higher than under
plant soil (29.34 cmol/kg).
For the DOM characterization, the concentration of
DOM extracted from the under plant soil and ditch soil
showed great difference, with the values of 610.2 and
207.8 mg/kg, respectively. The DOM content in under
plant sample was much higher than that in ditch soil
sample, which was in proportion to their total organic
matter content. The E4/E6 ratio of under plant soil and
ditch soil were 8.3 and 8, respectively, which means the
DOM derived from ditch soil had relatively higher mo-
lecular weight. When the DOM content in all samples
was adjusted to 20 ppm, the specific UV absorptions
at 254 nm were 0.761 and 0.792 L mg−1 m−1 for DOM
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The aromatic carbon content in ditch DOM sample was
also higher than that in under plant DOM sample.
The structural difference of two soil DOMs was ana-
lyzed through 1H NMR. The two DOM samples ex-
hibited similar peak shapes from the 1H NMR spectra
(Figure 1), both showed simple and well-defined peaks,
which indicated that similar compositions in the func-
tional groups of DOM. The identified peaks in the 1H
NMR spectra were assigned to aliphatic H in methyl
protons and main-chain methylene (0.8-1.5 ppm), carbo-
nyl group in an acid or ester at β-C (1.8 ppm), protons
to ethers or hydroxyl group (3.6 ppm), esters (4.0 ppm),
water (4.8 ppm) and carboxyl group (8.4 ppm). Both
samples showed these identified peaks with different5. 06. 07. 08. 09. 010. 0
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Figure 1 1H NMR spectra of DOM samples derived from (a) under plaresponses. The DOM from ditch soil showed lower ratio
of aliphatic H in methyl protons to main-chain me-
thylene. Ditch soil DOM also showed fewer amounts of
olefinic compounds as well as oxygen and nitrogen. Be-
sides, for the spectrum of ditch DOM, there were mul-
tiple peaks between 1.8 to 3.6 ppm. This indicated the
component of high molecules of polymers; H may be
bonded to aromatic C in methine group or bounded
to O or N in aliphatic C. However, the detailed com-
position of the polymers needed to be further ana-
lyzed (Figure 2).
For under plant DOM, FTIR analysis was conducted
to further clarify its chemical functions and following
characteristic bands can be found. A broad band at 3300
and 3500 cm-1 was assigned to H-bonds, OH groups.- 1. 00. 01. 02. 03. 04. 0
l shift (ppm)
- 1. 00. 01. 02. 03. 04. 0
 shift (ppm)
nt soil, (b) ditch soil.
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Figure 2 FTIR spectra of DOM samples derived from under plant soil.
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bons, of which two small peaks at 2964 and 2930 cm-1
were assigned to asymmetrical stretching of C-H in
methyl and methylene groups, respectively. Besides, a
small peak at 2873 cm-1 was assigned to symmetrical
stretching of C-H in methyl groups; a strong absor-
bance at 1420 cm-1 exhibited paraffinic characteristics.
Effect of soil properties on the sorption of PAHs
Sorption isotherms of PHE and PYR by two soils are
presented in Table 2 and Figure 3 and the data were fit-
ted well with Freundlich sorption model. The isotherm
trends for both soils were similar, which are concave-up.
Whereas the binding affinity of PAHs to ditch soil was
lower than that to under plant soil. The sorption coef-
ficient (Kd) value of PHE for under plant soil can be
expressed as Kd = 1.425 × 389 ×Ce
0.425, and the values va-
ried from 285 to 542 L/kg with the initial system PHE
concentration varying from 50 to 400 mgkg − 1; Kd
value of ditch soil can be expressed as Kd = 1.517 ×
302 ×Ce
0.517, and the values varied from 231 to 490 L/kg,Table 2 Isotherm parameters for the sorption of PHE and PYR
Soil treatment Under plant
Log Kf N
PHE
DOM removed 2.712 ± 0.074 1.407 ± 0.169
Bulk 2.590 ± 0.051 1.425 ± 0.142
PYR
DOM removed 3.899 ± 0.408 1.370 ± 0.219
Bulk 3.798 ± 0.1595 1.384 ± 0.136which was smaller than that of under plant soil. Similar
results can be obtained for sorption of PYR.
The lower binding of PAHs to ditch soil may be at-
tributed to two opposite effects. On the one hand, the
relatively higher mineral content, especially the higher
content of smectite and kaolinite would provide more
internal surface sites, thus enhanced sorption (Sheng
et al. 2001). Besides, the soil texture could also affect the
sorption of PAHs. The relatively fine particle size of
ditch soil may tend to sequence more PAHs. On the
other hand, the SOM of ditch soil was only half of under
plant soil, which would cause less the sorption of PAHs.
Many previous studies have reported that the PAHs
sorption was proportional to SOM content in soil-water
system, that is, the higher SOM in system, the higher
PAHs sorption (Gregory et al. 2005; Iorio et al. 2008;
Cao et al. 2008). For the competition of these two con-
tradicting effects, the SOM was predominant factor
that determine the sorption and availability of PAHs
in soil-water system (Chen et al. 2009b; Pignatello and
Xing 1996).from under plant and ditch soil by Freundlich simulation
Ditch
R2 Log Kf N R
2
0.959 2.534 ± 0.049 1.430 ± 0.145 0.969
0.971 2.480 ± 0.039 1.516 ± 0.130 0.978
0.855 3.856 ± 0.258 1.403 ± 0.216 0.933
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Figure 3 Sorption isotherms of (a) PHE and (b) PYR on ditch soil (bulk and DOM removed) and under plant soil (bulk and DOM removed).
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moved and bulk soil in two soil samples were also com-
pared and the results indicated that DOM had a strong
effect on PAHs sorption (Figure 3). For both under plant
and ditch soil, the sorption of soil treated with DOM
removed was also higher than that of bulk soil. This is
because the DOM in the aqueous phase will bind with
PAHs, thus enhancing the PAHs concentration in aque-
ous phase. Also the sorption increase caused by DOM
remove in under plant soil was slightly higher than ditch
soil. In comparison of nuclear magnetic resonance (NMR)
spectra of DOMs extracted from two soil samples, these
two kinds of DOM exhibited similar compositions. While
the DOM concentration in ditch soil was much lower
than that in under plant soil. In addition, when comparing
these two kinds of soils after removing of DOM, the sorp-
tion capacity of ditch soil was still much lower than
that of under plant soil since the absolutely higher
SOM content of under plant soil.Effects of soil properties and biosurfactant on desorption
of PAHs
The combined effects of DOM and biosurfactant on
desorption isotherm of PHE and PYR for two kinds
of soils were compared (Figure 4). For all combined sys-
tems, 50 ppm of DOM and 200 ppm of biosurfactant were
added. In order to better compare the effect of DOM on
desorption behavior of PAHs, under plant DOM were ap-
plied for two soils samples. All desorption isotherm data
were fitted well with linear equation model, which meant
that the partition was the predominant behavior (Yu et al.
2011). With the involvement of either biosurfactant or
DOM, desorption extent for both PHE and PYR in the
two soils were enhanced when compared with bulk soil
systems. For PHE, the soil-water desorption partition co-
efficient (Kd) in 200 ppm biosurfactant addition system,
50 ppm DOM added system and bulk system in under
plant soil were 463, 611 and 710 L/kg, respectively; the Kd































































Figure 4 Combined effect of DOM and biosurfactant on the desorption of (a) PHE and (b) PYR.
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http://www.environmentalsystemsresearch.com/content/3/1/6and 297 L/kg, respectively. For desorption of PYR, similar
results can be obtained. In addition, the desorption extent
of PAHs were positively correlated with the concentra-
tions of both DOM and biosurfactant. As discussed pre-
vious, desorption enhancement by DOM was due to the
binding of PAH with DOM, which would enhance the
aqueous PAHs content. Besides, biosurfactant could also
enhance desorption of PAHs through increasing their
solubility at concentrations greater than the CMC. Ac-
cording to our experimental design, biosurfactant concen-
trations in aqueous phase were above its CMC. With that,
the desorption content of PAHs would increase with the
surfactant aqueous micellar concentration.
In systems with combined DOM and biosurfac-
tant, the desorption extent were significantly enhanced
when compared with single DOM or biosurfactant sys-
tem (Figures 4 and 5). That may attribute to the syner-
getic effects of DOM and biosurfactant in the soil water
system. It can be also found that under the combined
DOM and biosurfactant condition, more PAHs weredesorbed from ditch soil. The Kd value of PHE in ditch
soil system and under plant soil system were 170 and
287 L/kg, which means that with the same concentration
of PHE in solid phase, about 60% more of PHE were
desorbed from ditch soil than under plant soil. Similar
tendency can be found for PYR. Under the combined
conditions, the Kd value of PYE in ditch soil system and
under plant soil system were 690 and 960 L/kg, respec-
tively. With the same concentration of PYR in solid
phase, about 40% more of PYR would be desorbed from
ditch soil. The desorption difference in these two soil
further indicated that the soil properties would signifi-
cantly influence the contaminants detached from soil
during the process of surfactant remediation.
When compared with the two site soils, in systems
with the same concentrations of biosurfactant and DOM,
the desorption extents of ditch soil were all significantly
higher than those in under plant soil, with relatively lower
soil-water phase partition coefficient. That’s means the































































































































Figure 5 Desorption percentage of PHE and PYR with different combination of DOM and biosurfactant (concentration of DOM was
50 mgC/L; Bio 100 and Bio 200 represents biosurfactant concentration of 100 mg/L and 200 mg/L, respectively).
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http://www.environmentalsystemsresearch.com/content/3/1/6soil. The soil organic matter was still the key factor that
determined the behaviors of PAHs in soil water systems.
In order to explore the interactive mechanisms of
DOM and biosurfatcant with consideration of soil pro-
perties on desorption enhancement of PAHs, the mass
desorption percent of PAHs in each systems were calcu-
lated (Figure 5). Generally, desorption extent in ditch
soil were higher than under plant soil. And the desorp-
tion enhancement of PHE was much higher than that
of PYR.
For desorption of PHE at low initial system con-
centration (100 ppm), the desorption enhancement in
50 mgC/L DOM addition system, 200 ppm biosurfactant
addition system and the combined DOM and biosurfac-
tant system were 0.32%, 1.65% and 3.66%, respectively
when compared with the desorption in bulk system in
ditch soil; the desorption enhancement in under plant
soil in above three systems were 0.44%, 1.00% and
2.07%, respectively. The desorption enhancement in the
combined system was larger than the sum of enhance-
ment in two single system for both soils, which showed
synergistic effects. That can be explained as follows.
Both surfactant and DOM are amphiphilic compounds,
when they co-existence in the system, they may interact
with each other through hydrophobic surface interaction
or hydrogen bonding and form mixed micelles, resultingin synergistic effects. Similar results can be observed in
previous studies (Yu et al. 2011; Wan et al. 2011; Cheng
and Wong 2006). When the initial PHE concentration
increase to 400 ppm, the desorption enhancement in
combined system was still larger than the sum of indi-
vidual system, however, the desorption extent in high
concentration of PAHs system was lower than that in
low concentration system in system with the same DOM/
and biosurfactant concentration. This can be explained as
the competitions among PAHs, DOM and surfactant for
sorption sites. In high solute concentration system, the
competition for sorption site was more severely than low
concentration system, with the similar aqueous concentra-
tion of DOM and biosurfactant (according to our preli-
minary experiment, there was no significant difference in
sorption of biosurfactant and DOM in two system), Thus
more PAHs were sequenced into soil phase in high PAH
concentration system.
PAH desorption in 100 ppm and 200 ppm biosurfac-
tant systems were also compared. When compared with
bulk system, the desorption enhancement in 200 ppm
biosurfactant system was significantly higher than that
in 100 ppm biosurfactant system, however, the enhance-
ment percentage was not in proportional with the bio-
surfactant concentration, which was less than double
in 100 ppm biosurfactant system. This is due to the
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factant and solute. In 100 ppm biosurfactant system,
the percentage of biosurfactant sorbed by soil was
higher than that in 200 ppm biosurfactant system for
systems with the same sorption sites. The sorbed sur-
factant may also bind some of PAHs, resulting in the
less PAHs desorbed from soil. Besides, the desorption
of PYR showed similar tendency with that of PHE, how-
ever significantly lower desorption percentage. Competi-
tion existed between PHE and PYR for sorption site. PYR
had relatively higher hydrophobic property and show
preference in the competition.
Conclusions
The interactive mechanisms of soil properties, biosurfac-
tant and pollutants in soil water system were investi-
gated in this study and following main conclusions can
be obtained: (1) SOM was predominant soil component
affecting PAHs sorption/desorption and degradation; it
also influenced the biosurfactant partition in soil and
aqueous phase. (2) The presence of DOM in soil-water
system could increase PAHs desorption from soil, how-
ever, the strong binding of DOM and PAHs would de-
crease their bioavailability. (3) Desorption of PAHs in the
combined DOM and biosurfactant system would be sig-
nificantly enhanced when compared with those in single
system. The study results should be helpful in broadening
knowledge of biosurfactant enhanced bioremediation of
PAHs in contaminated soil.
Methods
Materials
Phenanthrene (PHE) and pyrene (PYR) were purchased
from Sigma Aldrich Chemical Co. (Oakville, ON) with
a purity > 98%. The biosurfactant used in this study is
rhamnolipid, which is the most commonly isolated bio-
surfactant. A rhamnolipid solution was purchased from
the Jeneil Biosurfactant Company (Saukville, Wis, USA).
Specifically, Jeneil product JBR425 with a mono- to
di-rhamnolipid ratio of 1:1 was used. The biosurfactant
was supplied as a 10% aqueous solution.
Soil preparation and characterization
Two kinds of soil samples, under plant soil and ditch
soil, respectively, were obtained from Coleville site in
Saskatchewan, Canada. The under plant soil was col-
lected at a depth of 3 to 5 feet right below the plant
ground surface. The ditch soil was obtained from north
garden of Coleville at a depth of 3 to 5 feet.
The soil samples were air dried at room temperature
(25 ± 2°C) for one week. Soils were ground and passed
through a 1.0 mm stainless steel sieve in order to im-
prove the homogeneity of the soil. The physicochemical
properties of the soils are given in Table 1.To investigate the effect of soil organic matter on the
sorption and desorption of PHE and PYR, soil samples
with dissolved organic matter (DOM) were used as a com-
parison of bulk soil. The removal of soil DOM was gone
through the following procedures. The soils were extracted
with 1 mM CaCl2 (soil: solution, 1:20 (w/v)) for 6 h and at
least 3 consecutive times and then centrifuged at 7200 g
for 30 min. The residues were collected and freeze dried.
The physicochemical properties of soils were charac-
terized in order to understand their impact on sorption,
desorption and subsequent biodegradation experiments.
The analytical methods listed below were applied.
(1) pH
Soil pH is a measure of the activity of ionized
H (H+) in the soil solution (Margesin and Schinner
2005). A total of 5 g air dried soil and 10 ml of 0.01 M
CaCl2 were mixed together. The mixture was shaken
for 2 hour at 100 rpm and let stand for 10 minutes.
The pH was then measured using a benchtop
pH/temperature meter (410A Plus; Thermo Orion,
Waltham, MA, USA).
(2) Cation exchange capacity
The cation exchange capacity (CEC) was determined
using the sodium acetate-sodium chloride saturation and
magnesium nitrate extraction method (Pansu and
Gautheyrou 2006). The two step procedure is as
follows: 1), saturation of cation exchange sites with Na+
by “equilibration” of the soil with a 0.4 N NaOAc-0.1 N
NaCl solution; 2), total Na and Cl were extracted with
0.5 N MgS04 solution so that the soluble Na from the
excess saturating solution could be deducted from the
total Na. This provides the exchangeable Na, which is
equivalent to the CEC.
(3) SOM content
The total organic matter is routinely estimated by
measuring organic carbon content. The method is
described as a wet-oxidation procedure using
potassium dichromate (K2Cr2O7) with external heat
and back-titration to measure the amount of
unreacted dichromate (Jones 2001). The detailed
procedures have been described by Mebius (1960).
(4) Soil classification
Soil classification was performed in accordance with
the standard of International Soil Science Society. The
International Classification system was applied to
categorize the soil.
(5) Clay analysis
The soil clay mineral was determined by X-ray
diffraction (XRD) (Whittig and Allardice 1982). The
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clay with particle size finer than 2 μm (according to
the International Soil Science Society method) was
applied, which was collected by elutriation. The
samples were previously subjected to disintegration
and dispersion processes through ultrasound. Organic
residues were eliminated with a 10% H2O2 solution.
This was done to obtain the largest amount of clay
needed for the different treatments. Once the
fraction smaller than 2 microns was separated,
washed with demineralized water and placed on flat
glass to dry. The methodology consisted of three
initial pretreatments in order to identify and
differentiate the principal clay group present in the
sample: 1) The water suspended clay was allowed to
dry in order to permit the free arrangement of the
basal planes of the clays; 2) Saturated with Ethylene
glycol, organic molecules occupied the interiaminar
portion of the smectites in order to enlarge the
basal distance. This identified the smectite group;
3) Heating of the samples to 550°C destroyed the
crystal structure of the kaolinites. This identified
kaolinites, chlorites and some of the interstratified
groups.
Characterization of dissolved organic matter
For the DOM collection, twenty grams of clean soil sam-
ple was placed in 200 ml deionized water and agitated
on a reciprocal shaker at 200 rpm and 20 ± 1°C for 24
hours. The supernatants were collected after centrifu-
gation at 12000 g for 20 min and then filtered through
a 0.45 μm sterilized membrane (PALL Corporation,
Michigan, USA). The extracts could be stored at 4°C
in the dark with maximum of 5 days. The filtrates
were freeze-dried for further analysis.
The concentration of DOM was measured using TOC-
5000A Analyzer (Shimadzu, Kyoto Japan). TOC concen-
tration of each soil measured was the dissolved organic
carbon (DOC) concentration since TOC in soil matrix
was dissolved into the aqueous phase. DOM concentra-
tion was hypothesized to equal to or a fractional equiva-
lent of the DOC concentration in this study. The ratio of
absorbance of DOM at 465 and 665 nm (E4/E6) was
measured to evaluate changes in the molecular weight of
the DOM fractions, which is negatively correlated with
molecular size (Marschner et al. 2005; Yang et al. 2007;
Korshin et al. 1997).Specific UV absorbance at 254 nm
was determined to estimate the aromaticity of DOM sam-
ples (Yang et al. 2007). The absorbance of water samples
was measured at the selected wavelength on a 2100 spec-
trophotometer (Unic, Shanghai, China). Deionized water
was used as reference. Functional groups of DOM were
determined through 1H liquid-state NMR spectroscopy
analysis on a Bruker Avance 600 MHR spectrometer(Billerica, MA) and Fourier transform infrared (FTIR)
spectral analysis using aThermo Electron Nexus 8700
Spectrophotometer (Waltham, MA).
Batch sorption and desorption experiment
For both sorption and desorption isotherm experiments,
triplicate tests were conducted using the standard batch
equilibration method. All experiments were carried out
in 25 mL Corex centrifuge tubes with Teflon-lined screw
caps (Fisher Scientific, Ottawa, ON, Canada). For the
sorption experiment, an appropriate volume of PHE and
PYR dichloromethane stock solution was respectively
added to each tube. Dichloromethane was allowed to
evaporate, and then 0.5 g soil and 10 mL background so-
lution were added to each vial. The background solution
contained 0.01 M CaCl2, 0.01 M NaCl, and 0.01 M
NaN3. The CaCl2 and NaCl were used as electrolyte to
poise the ionic strength, and the NaN3 was used as in-
hibitor for bacterial growth. This approach resulted in
initial soil concentrations of 50, 100, 200, 300 and 400
ppm for PHE and PYR, respectively.
The centrifuge tubes were vortexed for 20 s, and then
placed on a reciprocal shaker at 20 ± 1°C and 125 rpm
for 24 hours to reach the sorption equilibrium. The sus-
pensions were then centrifuged at 5000 g for 25 min
under the same temperature. PHE and PYR in the aque-
ous phase were extracted with dichloromethane, and their
concentrations were analyzed through GC. The amount of
PAHs sorbed to the soil was obtained through calculating
the difference between the initial amount and remaining
in the solution.
Desorption isotherm experiments were conducted im-
mediately after the sorption experiments. The superna-
tants in sorption tubes were completely removed. To
study the effects of DOM and biosurfactant on PAHs
desorption, 10 mL fresh background solution containing
different concentrations of DOM and biosurfactant was
successively added into the tube, and then shaked for
another 24 hours to reach desorption equilibrium. The
subsequent separation of soil and aqueous phase as well
as the relevant analyses were conducted as described in
the sorption experiments. The sorption of PHE and PYR
on the wall of centrifuge tubes was considered negligible;
the amounts of PAHs blank before and after mixing
(without soil) did not show significant difference between
each other.
Analytical methods
The concentrations of PHE and PYR were analyzed
through Gas Chromatography (Varian GC 3800-FID)
system coupled with a Varian 8200 autosampler. The GC
was equipped with a 25 m × 0.32 mm ID DB-5 column
with 0.25 μm film thickness (J&W Scientific Inc., CA).
Helium is used as the carrier gas with flow rate of
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for 1.5 min then ramped to 175°C at a rate of 50°C/min.
The temperature was held at 175°C for 1 min, then
ramped to 220°C at 7°C/min, and held at this final
temperature for 1 min. The injector temperature was
250°C, and the detector temperature was 230°C. In-
jection was made in the split mode with a ratio of 50
(since 1.75 min).
The sorption and desorption isotherms of PAHs were
mathematically fitted with a Freundlich sorption and
linear distribution models.
The Freundlich model has the following form:
Cs ¼ Kf Cne ð6:1Þ
The linear model has the following form:
Cs ¼ KpCe ð6:2Þ
where Cs is the sorbed PAH concentration (mg/kg);
Ce is the solution-phase PAH concentration (mg/L);
Kp (mg/kg) (mg/L) is the distribution coefficient; Kf
(mg/kg) (mg/L)-n is the sorption constant at a given
temperature; Kf represents the sorption capacity evaluated
at Ce = 1 mg/L n is the isotherm exponent. Equation (6.1)
can be linearized by a logarithmic transformation:
log cs ¼ log kf þ n log ce ð6:3Þ
Freundlich parameters for sorption (KfA, and nA) and
desorption (KfD, nD) were respectively calculated through
fitting Equation (6.3) to the observed data.
The sorption coefficient Kd can be defined as:
Kd ¼ dCs = dCe ¼ nKf Cn−1 ð6:4Þ
For parallel experiment, means and standard devia-
tions are calculated for pooled results using Microsoft®
Excel. To analyze the results from sorption and desorp-
tion experiments, F-tests are conducted using Minitab
statistical software (Minitab Inc., State College, PA, USA).
The introduced level of significance is 5% (α = 0.05).
One-way analysis of variance (F-test with p < 0.05) is per-
formed to determine significant differences between dif-
ferent treatments.
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